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Abstract
New STARmeasurements of two- and four-particle (c2{4}) azimuthal angle correlations are reported for p+Au collisions
at 200 GeV and d+Au collisions from 19.6 to 200 GeV. A negative c2{4}, consistent with collective anisotropic ﬂow, is
observed in high multiplicity d+Au events at 62.4 and 200 GeV where the statistical signiﬁcance of the data allows an
analysis. A template ﬁtting method, employed to subtract non-ﬂow contributions to the two-particle correlations, allows
the extraction of the anisotropy coeﬃcients (v2) for these systems at their respective energies. The v2 results for diﬀerent
energies show a common dependence on the charged particle multiplicity density (〈dNch/dη〉), which provide important
insight on the nature of collective behavior in small collision systems.
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1. Introduction
Recent measurements at both the LHC [1–5] and RHIC [6–9] have discovered and conﬁrmed the pres-
ence of long-range two-particle angular correlations (the so-called ’ridge’) in high-multiplicity p+p and
p/d/3He+A collisions. The magnitude of the associated azimuthal anisotropy can be obtained from a Fourier
expansion of the azimuthal angle (φ) distribution of the emitted hadrons.
Several models, which include initial-state gluon saturation [10–12] and hydrodynamic ﬂow [13–17],
have been employed to explain the observed anisotropies. However, a consensus on the theoretical interpre-
tation of the long-range correlations has not been reached.
In this work, we utilize 〈dNch/dη〉 and beam-energy-dependent measurements for p+Au and d+Au
collisions to gain further insights on the ridge physics. The observed anisotropy in these systems provide
new information to address the physics origin of ’ridge’, as well as to expose possible limitations to the ﬂuid
dynamical description of the matter created in these collisions.
2. Analysis methods
In this analysis, event classes are deﬁned as a percentile of the total charge measured by the beam-beam
counter (BBC) spanning the pseudo-rapidity range -5.0 < η < -3.3 on the Au-going side. The 〈dNch/dη〉 for
each event class is then measured in |η| < 0.9 for the transverse momentum range 0.2 GeV/c < pT < 3.0
GeV/c, in the STAR Time Projection Chamber (TPC), which covers 2π in azimuth and |η| < 1.0. To remove
Available online at www.sciencedirect.com
Nuclear Physics A 982 (2019) 475–478
0375-9474/© 2018 Published by Elsevier B.V.
www.elsevier.com/locate/nuclphysa
https://doi.org/10.1016/j.nuclphysa.2018.09.072
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
pileup events, charged tracks were required to match a hit measured by the Time of Flight (TOF) detector
and had a tight cut of distance of closet approach (DCA < 3.0 cm) to the primary vertex. A comparison of the
measurements for diﬀerent beam luminosities was used to estimate the systematic uncertainty for possible
residual pileup. Candidate particle pairs from these event samples were used to construct two-particle Y(Δφ)
correlators for further analysis.
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Fig. 1. Two-particle azimuthal angular correlations (Y(Δφ)) for
0-10% d+Au collisions at √sNN = 200 GeV. A template ﬁtting
procedure is employed to extracted the ﬂow parameters using the
LM event to estimate the non-ﬂow contributions.
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Fig. 2. The integral v2 from template ﬁtting as a function of
〈dNch/dη〉 in d+Au collisions. Results are shown for several
beam energies as indicated.
A representative two-particle Y(Δφ) distribution for high multiplicity (HM) events (top 10% of total
BBC charge) is shown as a function of Δφ in Fig. 1. The trigger- and the associated-particles are measured
in the ranges 0.2 GeV/c< pT < 3.0 GeV/c and |η| < 0.9. A clear ridge peak is observed for this event class.
To separate the ridge from the non-ﬂow angular correlations which dominate low multiplicity (LM) events,
a template ﬁtting procedure was applied to the measured Y(Δφ) distributions [18] as illustrated in Fig. 1.
The method assumes that the HM Y(Δφ) distributions are a superposition of a scaled LM Y(Δφ) distribution
and a constant modulated by
∑4
n=2 Vn,n cos(nΔφ) as:
Y(Δφ)templ = FY(Δφ)LM + Y(Δφ)ridge , (1)
where
Y(Δφ)ridge = G
⎛
⎜⎜⎜⎜⎜⎜⎝1 + 2
4∑
n=2
Vn,n cos (nΔφ)
⎞
⎟⎟⎟⎟⎟⎟⎠ , (2)
with free parameters F and Vn,n. The coeﬃcient G, which represents the magnitude of the combinatoric
component of Y(Δφ)ridge, is ﬁxed by requiring that
∫ π
0 dΔφ Y
templ =
∫ π
0 dΔφ Y
HM. The LM distribution
was obtained from the peripheral (90-100%) event class. Since the trigger- and the associated particles are
measured in the same pT range, the integral v2 =
√
V2,2.
The four-particle cumulant method was also used to study the long-range correlations. The operational
details of the cumulant method can be found in Refs. [19, 20]. In brief, the two- and four-particle azimuthal
correlators are constructed by averaging over all tracks in a given event, then over all events as [19, 21]:
〈〈2m〉〉 = 〈〈ein∑mj=1(φ2 j−1−φ2 j)〉〉. (3)
The corresponding four-particle cumulants are obtained as:
cn{4} = 〈〈4〉〉 − 2 〈〈2〉〉2 (4)
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Fig. 3. Comparison of v2 vs. pT in p+Au and d+Au collisions at
√sNN = 200 GeVfor event classes leading to 〈dNch/dη〉 ∼ 10. Panels
(a), (b) and (c) show comparisons of the v2 values for the unsubtracted, non-ﬂow subtraction with method (i) and non-ﬂow-subtraction
with method (ii) respectively (see text).
3. Results
The template ﬁtting method was employed to measure the integral v2 values as a function of 〈Nch〉
in d+Au collisions from 19.6 to 200 GeV and p+Au at 200 GeV. The values for both v2 and 〈dNch/dη〉
were evaluated for 0.2 GeV/c< pT < 3.0 GeV/c and |η| < 0.9 for each data set. Fig. 2 shows similar
magnitudes and trends for v2 values extracted at similar 〈dNch/dη〉 irrespective of beam energy and system.
This observation is consistent with the expected trend for the dominance of ﬁnal-state viscous attenuation
at low 〈dNch/dη〉 [22]. Note that the eccentricity diﬀerence of ∼ 2, obtained for p+Au and d+Au with the
nucleon Glauber model [23] , is substantially less than the corresponding diﬀerence obtained from initial-
state geometric models which take account of the internal structure of the nucleons [22, 24]. In the latter
models, the beam energy dependence of the initial-state eccentricity for d+Au collisions is rather weak as
well.
To further compare v2 in p+Au and d+Au collisions, event classes were selected so as to give the
same 〈dNch/dη〉 ∼ 10 for both systems. In addition, two diﬀerent methods of non-ﬂow subtraction were
employed; (i) LM subtraction scaled by near-side jet yield [25–27]; and (ii)template ﬁtting. The resulting
v2 values are shown as a function of pT in Fig. 3. The subtracted v2 shown on panels (b) and (c) are smaller
than the un-subtracted v2 shown in panel (a), it indicates there are substantial non-ﬂow contributions for
〈dNch/dη〉 ∼ 10. However, they do not indicate a sizable diﬀerence in the magnitudes for the d+Au and
p+Au results. This observation is in line with the small system-dependent eccentricity diﬀerence alluded to
earlier.
Results from four-particle angular correlation measurements in d+Au collisions, are shown in the Fig. 4.
The eﬃciency corrected multiplicity and c2{4} were similarly measured using charged hadrons within
|η| <0.9 in the TPC, and for 0.2 GeV/c < pT < 3.0 GeV/c. For high multiplicity events, a negative c2{4} is
observed for d+Au collisions at 62.4 and 200 GeV, albeit with sizable statistical uncertainties. The negative
c2{4} values are consistent with the expectation for anisotropic ﬂow in the most central d+Au collisions at
62.4 and 200 GeV.
4. Summary
In this proceeding, we have presented two- and four-particle azimuthal angle correlation measurements
for p+Au and d+Au collisions at diﬀerent collision energies, as a function of pT and mean 〈dNch/dη〉. The
integral v2 (0.2 GeV/c < pT < 3.0 GeV/c) extracted with a template ﬁtting procedure to account for non-
ﬂow eﬀects, shows a common 〈dNch/dη〉 dependent trend, irrespective of colliding species and the beam
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Fig. 4. c2{4} vs. 〈dNch/dη〉 for d+Au collisions at several beam energies as indicated. Note the negative c2{4} values for large 〈dNch/dη〉
in collisions at 62.4 and 200 GeV.
energy. For event classes with the same 〈dNch/dη〉, a similar v2(pT ) pattern is observed for p+Au and d+Au
collisions at 200 GeV after non-ﬂow subtraction. In high multiplicity events, a negative c2{4} is observed
in d+Au collisions at 200 and 62.4 GeV respectively. The combined results from these measurements
indicate that the anisotropy of particle emissions in high multiplicity p+Au and d+Au collisions is strongly
inﬂuenced by ﬁnal-state anisotropic ﬂow. While other contributions such as from initial state correlation [12]
still can not be ruled out.
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